Abstract Fibroblast growth factor-2 (FGF-2) is an angiogenic growth factor involved in renal growth and regeneration. Previous studies in rodents revealed that single intrarenal injections of FGF-2 improved the outcome of acute kidney injury (AKI). Septic children usually show elevated plasma levels of FGF-2, and are at risk of developing AKI. However, the role of circulating FGF-2 in the pathogenesis of AKI is not well understood. We have developed a mouse model to determine how FGF-2 released into the circulation modulates the outcome of AKI induced by lipopolysaccharide (LPS). Young FVB/N mice were infected with adenoviruses carrying a secreted form of human FGF-2 or control LacZ vectors. Subsequently, when the circulating levels of FGF-2 were similar to those seen in septic children, mice were injected with a non-lethal dose of LPS or control buffer. All mice injected with LPS developed hypotension and AKI, from which they recovered after 5 days. FGF-2 did not improve the outcome of AKI, and induced more significant renal proliferative and apoptotic changes during the recovery phase. These findings suggest that circulating FGF-2 may not necessarily prevent the development or improve the outcome of AKI. Moreover, the renal accumulation of FGF-2 might cause further renal damage.
Introduction
Acute kidney injury (AKI) is a common clinical entity in children admitted to pediatric intensive care units [1] . This complication usually occurs as a secondary outcome of systemic infections caused by Gram-negative bacteria that induce endotoxic shock and is associated with high mortality rates [1] [2] [3] [4] . Gram-negative bacteria synthesize lipopolysaccharide (LPS), which is a major constituent of their outer cell membranes [3, 4] . The release of LPS from the cell membrane causes a significant inflammatory response characterized by the recruitment of activated neutrophils, monocytes, and macrophages and the induction of endothelial damage [2] [3] [4] . All of these changes cause poor renal perfusion and hypoxia, leading to the development of acute tubular necrosis [3, 4] .
Many of the cytokines released by inflammatory cells play a critical role in the pathogenesis of sepsis-induced AKI [2] [3] [4] . Among these, tumor necrosis factor alpha (TNF-α) is a critical mediator of LPS-induced cytotoxic effects [3, 4] . An interesting study by Haimovitz-Friedman et al. found that LPS induced generalized apoptosis of mouse microvascular endothelial cells through the release of TNF-α and the generation of ceramide [5] . Moreover, these authors also reported that fibroblast growth factor-2 (FGF-2), given intravenously concomitant with the LPS injection, decreased the number of endothelial cells undergoing apoptosis and improved the survival of these mice [5] . However, subsequent studies have questioned the notion that LPS induces disseminated endothelial cell apoptosis in mice [6] , and it is unclear how LPS and FGF-2 modulate the behavior of renal endothelial cells in vivo. Nevertheless, since renal endothelial dysfunction can contribute to the pathogenesis of AKI induced by LPS [7] , and FGF-2 is a well-known survival factor for endothelial cells [8] , it is possible that FGF-2 may improve the renal outcome of mice exposed to LPS by preventing endothelial injury.
In addition to its angiogenic activity, FGF-2 is also considered to be a powerful renal tubular regenerative growth factor [9, 10] . Previous studies showed that one single intrarenal injection of FGF-2, given simultaneously during the induction of acute renal ischemic injury, can accelerate the regeneration and recovery of renal tubules in rats [11, 12] . However, other studies in human and rodents showed that the renal accumulation of FGF-2 can cause tubular proliferative and fibrogenic lesions [13] [14] [15] [16] . Children admitted to pediatric intensive care units with endotoxemia frequently show elevated plasma levels of FGF-2 [17, 18] , and are at risk of developing AKI. To date, it is unclear how FGF-2 released into the circulation of these patients may affect their renal outcome. Therefore, we have developed a mouse model system to explore the role of circulating FGF-2 in the pathogenesis of AKI induced by LPS. Using this model, we found that circulating FGF-2 did not prevent or accelerate the renal recovery of LPS-treated mice, and that it could potentially cause further renal damage.
Methods

Experimental design
All experiments were approved by the Children's Research Institute Animal Care and Use Committee. FVB/N male mice (8 weeks old, 25-30 g) were purchased from Jackson Laboratory (Bar Harbor, ME) and housed in a pathogenfree environment, under a 12:12-h light:dark cycle, in our animal facility. All mice received food and water ad libitum. The mice were divided into two similar groups (n =26 mice per group), and injected with recombinant adenoviral (rAd) vectors carrying the Escherichia coli LacZ gene (rAd-LacZ control vector) or with rAd vectors carrying a 700-bp cDNA sequence encoding a secreted form of human FGF-2 (rAd-FGF-2 vector), as previously described [19] . Two days after the injection of the adenoviral vectors, 13 mice in each group were injected intraperitoneally with 90 μg/mouse LPS (E. coli, 0127:B8; Sigma, St. Louis, MO) resuspended in 100 μl pyrogen-free phosphate buffered saline (PBS). The remaining 13 mice in each group were injected with 100 μl PBS alone (PBS controls). Mice were sacrificed at specific time points, namely, 6 h, and 2 days, and 5 days after the LPS or PBS injections (n=3-5 mice per group).
Adenoviral vectors
The adenoviral vectors were generated, amplified, and purified as previously described [20, 21] . The particle-toplaque-forming unit (pfu) ratio of the virus stock used in these experiments was 100. Mice were injected via the retroorbital vein plexus with 5×10 8 pfu/mouse of either rAd vector, as described previously [22] . Blood samples were taken from four mice 72 h after the injection of adenoviral vectors in order to assess the plasma levels of FGF-2 by an enzyme-linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, MN), as previously described [22] .
Non-invasive blood pressure monitoring Systolic blood pressure was measured with an automated tail-cuff device (BP-2000; Visitech Systems, Apex, NC), as described previously [23] . Mice were trained before the blood pressure was taken. Subsequently, the final blood pressure monitoring was completed at baseline and at 6 h and 2 and 5 days after the LPS/PBS injections.
Blood and urine sample collection
Mice were anesthetized with inhaled isoflurane. Blood samples were drawn from the retro-orbital vein plexus, collected in heparin-coated Eppendorf tubes, and centrifuged at 1,800 rpm for 10 min. Blood urea nitrogen was assessed using the Quantichrom Urea Assay kit from BioAssay Systems (Hayward, CA), as described previously [24] . Serum creatinine was measured using a modification of the kinetic Jaffe reaction using the Dade Behring Dimensional RXL chemistry analyzer from Siemens Healthcare Diagnosis (Deerfield, IL). Proteinuria was measured using the Bayer Multistix 10 SG reagent strips for urinalysis (Bayer Healthcare, Wayne, NJ). To detect albuminuria, we also ran 5 μl of urine on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and stained the electrophoresis products with Coomassie Blue staining solution (Bio-Rad, Hercules, CA). Protein bands corresponding to albumin were quantified by densitometric analysis using Adobe Photoshop ver. 6.0 (Adobe Systems, San Jose, CA). Results were expressed in arbitrary optical density units adjusted to the urinary creatinine and baseline control values.
ELISA to assess the urinary levels of neutrophil gelatinase-associated lipocalin
The urinary neutrophil gelatinase-associated lipocalin (NGAL) ELISA was performed as previously described using anti-mouse antibodies and recombinant protein (R&D Systems) [25] . Mouse urinary NGAL concentrations were determined in 50-μl urine samples tested in duplicate through comparison against a standard curve of recombinant mouse NGAL. Urine creatinine was measured colorimetrically using the Creatinine Parameter Assay kit (R&D Systems), as previously described [24] . The urinary NGAL concentration was expressed as a ratio of the urinary creatinine (ng/mg).
Western blot analysis
The kidneys were harvested and homogenized using RIPA lysis buffer containing protease inhibitors and phosphatase inhibitor cocktail 2 (Sigma-Aldrich). The protein concentration in these samples was measured using the BCA Protein Assay kit (Thermo Scientific, Rockford, IL) and BSA as the standard. Equal amounts of protein (10-30 μg) were loaded onto 4-16% Bis-Tris gel (Invitrogen, Carlsbad, CA) and then transferred to nitrocellulose membranes (0.2-μm aliquots; Bio-Rad). The membranes were probed with the following primary antibodies: phospo-p44/42 MAP kinase (Thr202/Tyr204; catalog no. 9101) and p44/42 MAP kinase (catalog no. 9102), both obtained from Cell Signaling Technology (Boston, MA); proliferating cell nuclear antigen (PCNA) (C-20) rabbit polyclonal (catalog no. SC-9857), caspase-3 (pro and activate forms) rabbit polyclonal antibody (catalog No. SC-7148), both obtained from Santa Cruz Biotechnology (Santa Cruz, CA); beta-actin (AC-15) mouse monoclonal (catalog no. A1978), obtained from Sigma-Aldrich. All primary antibodies were diluted 1:1000 and incubated overnight at 4°C. The membranes were then washed five times and incubated for 1 h at room temperature with the corresponding horseradish peroxidase (HRP)-conjugated secondary antibodies, goat anti-rabbit immunoglobulin G (IgG)-HRP, (catalog no.170-6515), and goat anti-mouse IgG-HRP (catalog no.170-6516), all obtained from BioRad, at 1:5,00 dilution. The membranes were subsequently washed five times, and the corresponding antibodies were detected using the Supersignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer's instructions. All membranes were then exposed to a Kodak film (X-OMAT) from Kodak Scientific Imaging (New Haven, CT) and developed using automated developer. Densitometric analysis was conducted using Adobe Photoshop ver. 6.0 (Adobe Systems).
Immunohistochemistry
Paraffin-embedded sections were cut at a thickness of 5 μm, deparaffinized, rehydrated, and stained with hematoxylin and eosin or Masson's trichrome, as previously described [22] . For the immunohistochemistry studies, the renal sections were heated twice for 5 min each in 0.01 mol/l sodium citrate (pH 6.0) in a microwave oven (2450 mHz, 850 W) to augment antigen retrieval. Endogenous peroxidase activity was blocked by treatment with 3% H 2 O 2 in 100% methanol for 10 min. Immunostaining was performed with a commercial streptavidin-biotin-peroxidase complex (Histostain SP kit; Zymed, San Francisco, CA) according to the manufacturer's instructions, as described previously [22] . The peroxidase substrate chromogen was aminoethyl carbazole. Sections were counterstained with hematoxylin. Proliferating cell nuclear antigen (PCNA) was detected with the PCNA staining kit from Invitrogen (Catalog no. 93-1143). The phospho-p44/ 42 MAPK (pERK) staining was assessed using a 1:75 dilution of the rabbit anti-pERK antibody from Cell Signaling Technology (Catalog no. 9101); alpha-smooth muscle actin staining was detected using 1:200 dilution of a mouse anti-alpha-actin antibody (Sigma catalog no. A-2547). The renal recruitment of macrophages was detected with a rat anti-mouse F4/80 antibody (Clone CIA3-1) purchased from AbD Serotec (Raleigh, NC). The CD34 staining was performed using the rat anti-mouse CD34 IgG antibody (1:200 dilution) from Cedarline Laboratories USA (Burlington, NC). For CD34 antigen unmasking, renal tissues were treated with 0.4% pepsin (Sigma) in 0.2 N HCl for 20 min at 37°C. Controls included replacing the primary antibody with equivalent concentrations of the corresponding non-specific antibodies and/or omitting the first or second antibodies. Apoptosis was assessed using the Apop Tag In Situ Apoptosis Detection kit (Oncor, Gaithersburg, MD), which is based on the terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) method, according to the manufacturer's instructions. The intensity and localization of the staining was assessed by two investigators and quantified as previously described [19] .
Statistical analysis
Results are expressed as the mean ± standard deviation (SD). Differences between two groups were compared by the Student's t test. When more than two means were compared, differences were measured by one-way analysis of variance (ANOVA) followed by multiple comparisons using the Student-Neuman-Keul test. In addition, the nonparametric Kruskal-Walls test was used to analyze small-size samples (n<5). However, since the mean and the median of these groups did not differ by much, results were expressed in terms of the mean ± SD. P values of <0.05 were considered to be significant.
Results
Reversible model of acute kidney injury in LPS-treated mice infected with LacZ or FGF-2 adenoviral vectors
To determine how FGF-2 affected the cytotoxic effects of LPS in the kidney, three to five mice in each group were sacrificed 6 h, 2 days, and 5 days after the LPS injections (Fig. 1A, B ). Before the LPS injection, mice infected with rAd-FGF-2 vectors showed elevated plasma FGF-2 levels (117+48 pg/ml), which is consistent with the values reported in septic children [26] . Human FGF-2 was not detected in the circulation of mice injected with rAd-LacZ vectors. Control mice infected with rAd-LacZ or rAd-FGF-2 vectors and injected with PBS did not develop significant renal injury (Fig. 1A, B) . After the LPS injection, all mice injected with LPS developed a reversible form of AKI (Fig. 1A, B ).
LPS-induced renal functional changes
Prior to the LPS injection, no significant changes in renal function were detected in mice infected with rAd-LacZ or rAd-FGF-2 ( Fig. 1A , a-c). Six hours after the LPS injection, the BUN levels had increased in both groups, reaching higher values in mice infected with rAd-LacZ vectors (61.1 ±1.3 vs. 48.5 ±2.7 mg/dl, for Ad-LacZ and rAd-FGF-2 infected mice, respectively; p<0.05; Fig. 1A , a). The BUN levels continued to rise, but they peaked at 2 days after the LPS injection, with the highest levels observed in mice infected with rAd-FGF-2 (121.9±7.0 vs. 93.6±4.2 mg/dl, for rA-FGF-2 vs. rAd-LacZ infected mice, respectively; n = 5; p<0.05; Fig. 1A, a) . Finally, the BUN levels decreased in both groups, reaching almost normal values 5 days after the LPS injection, in correlation with their clinical recovery (32.8 ± 3.0 vs. 35.3+2.4 mg/dl, for rAd-LacZ vs. rAd-FGF-2 infected mice, respectively; n=5; p>0.05; Fig. 1A, a) . In agreement with previous studies [27, 28] , the serum creatinine levels were not a sensitive early marker of AKI in LPS-treated mice. Six hours after the LPS injection, no statistically significant changes in the serum creatinine levels were detected between control and LPS-treated mice (0.25±0.03 vs. 0.31 ±0.04 and 0.34± 0.02 mg/dl, for rAd-LacZ+PBS vs. rAd-LacZ or rAd-FGF-2+LPS treated mice, respectively; n=5; p>0.05; Fig. 1A, b) . In contrast, 2 days after the LPS injection, the serum creatinine levels increased in a significant manner in all mice injected with LPS (0.27±0.04 vs. 0.48±0.03 and 0.5±0.02 mg/dl, for control rAd-LacZ+PBS mice vs. rAd-LacZ+LPS, and rAd-FGF-2+LPS mice, respectively; n=5; p<0.05; Fig. 1A, b) . Finally, 5 days after the LPS injection, the serum creatinine levels returned to normal values in all mice (Fig. 1A, b) .
The urinary levels of NGAL were measured as an additional marker of AKI (Fig. 1A, c) . Six hours after the LPS injection, urinary NGAL was elevated in all mice treated with LPS (188.9±22.1 vs. 192.8±27.2 ng/mg of creatinine, for rAd-LacZ and rAd-FGF-2 groups, respectively; Fig. 1A, c) . Urinary NGAL levels remained elevated throughout the follow-up period, but decreased from the 6-h value by 34 and 37% by 2 days after the LPS injection and had returned to almost normal values by 5 days (Fig. 1A, c) . No significant statistical differences in the urinary NGAL levels were detected between LPStreated mice infected with the rAd-LacZ or rAd-FGF-2 vectors at any time point.
Prior to the LPS injection, no significant differences in albuminuria were found between mice infected with rAd-LacZ or rAd-FGF-2 vectors (Fig. 1A, d ). As also shown in a previous study [29] , mice injected with LPS developed transient albuminuria. These changes peaked at 6 h after the LPS injection and returned to almost normal values after 5 days (Fig. 1A, d ). No significant differences in albuminuria were detected between LPS-treated mice infected with rAd-LacZ or rAd-FGF-2 vectors, at any time point (Fig. 1A, d ). . BUN was measured as described in the Methods section, at 6 h, 2 days, and 5 days after the LPS injection, *p<0.05 (n=5 mice per group). Serum creatinine was measured at similar time points, as described in the Methods section. The urinary NGAL levels were expressed as a urinary NGAL/creatinine ratio (U/Cr). Quantitation of albuminuria was assessed as described in the Methods section by densitometric analysis in Coomassie Blue-stained gels. Results are expressed in arbitrary optical density (OD) units and compared to the baseline values obtained before the LPS injection (c). P values less than 0.05 were considered significant (n=5 mice per group). B Representative renal histological changes in sections stained with hematoxylin and eosin. Baseline renal sections were collected 2 days after the mice were infected with rAd-Lac-Z or rAd-FGF-2 vectors, and before the LPS injection (a-e). Other renal sections were harvested at 6 h (b-f), 2 days (c-g), and 5 days (d-h) after the LPS injection. Original magnification (a-h) ×200 b LPS-induced changes in systolic blood pressure Before the LPS injection, mice infected with rAd-LacZ and rAd-FGF-2 showed normal blood pressure values (117.0±6.3 vs. 126.7±7.6 mm Hg, for rAd-LacZ and rAd-FGF-2 infected mice respectively; n=5, p>0.05). Their blood pressure remained undetectable 6 h and 2 days after the LPS injection. Finally, the systolic blood pressure returned to normal values 5 days after the LPS injection (118.7 ± 7.5 vs. 124.0±5.9 mm Hg, for rAd-LacZ and rAd-FGF-2 infected mice, respectively; n=5, p>0.05).
LPS-induced renal histological injury
Before the LPS injection, no significant renal histological lesions were detected by light microscopy in mice infected with rAd-LacZ or rAd-FGF-2 vectors (Fig. 1B, a, e) . In contrast, after the LPS injection, renal sections harvested from mice infected with rAd-LacZ or rAd-FGF-2 vectors showed significant focal tubular epithelial cell swelling and detachment, shortened brush borders, and moderate tubular dilatation (Fig. 1B, b-d, f-h ). These changes were evident 6 h after the LPS injection (Fig. 1, panel B, b, f) , in correlation with the deterioration of renal function (Fig. 1A, a-d) . Changes in cell swelling and detachment peaked at 2 days (Fig. 1B, c, g ), and improved 5 days after the LPS injection (Fig. 1B, d, h ). No significant vascular leakage and/or severe tubular dilatation with cast formation were detected at any time point. Renal sections stained with Masson's Trichrome did not reveal evidence of renal fibrosis at any time point (data not shown). Finally, at the end of the study, no significant changes in kidney, total body, and kidney/body weight ratios were found between LPS-treated mice infected with the rAd-LacZ or rAd-FGF-2 vector .
LPS-induced renal endothelial injury and inflammation
Since endothelial injury and inflammation play key roles in the pathogenesis of LPS-induced AKI, we assessed how LPS, alone or in combination with FGF-2, affected the status of renal peritubular capillary endothelial cells and the recruitment of renal macrophages. The CD34 antigen is a marker of endothelial cells, and LPS was observed to decrease the number of CD34-positive peritubular capillary endothelial cells at 6 h and 2 days after the LPS injection ( Fig. 2A, b, c, f, g) . Surprisingly, FGF-2 did not prevent these changes at these time points. In fact, when compared to mice infected with rAd-LacZ, FGF-2 decreased the number of CD34-positive capillaries 2 days after the LPS injection ( Fig. 2A, c, g ). At 5 days post-LPS injection, the number of renal CD34-positive peritubular capillary endothelial cells returned to normal values, in correlation with the clinical recovery of all mice ( Fig. 2A, d, h ). In addition, LPS increased the recruitment of F4/80-positive macrophages in the kidney, and FGF-2 did not prevent these changes (Fig. 2B, a-h) . Moreover, 5 days after the LPS injection, all mice infected with rAd-FGF2 showed the most significant recruitment of renal macrophages. These changes, however, did not reach statistical significance when compared to the control mice infected with rAd-LacZ (Fig. 2B, d, h ). In summary, these findings suggest that circulating FGF-2 did not ameliorate the LPS-induced changes in renal peritubular capillary endothelial cells and inflammation.
Circulating FGF-2 induced proliferative and apoptotic changes 6 h and 2 days after the LPS injection Western blot analysis of kidney homogenates harvested 6 h after the LPS injection revealed increased expression of PCNA in all mice (Fig. 3) . However, no significant differences in PCNA expression were detected between mice infected with rAd-LacZ or rAd-FGF-2 at this time point (Fig. 3b) . Six hours after the LPS injection, only mice treated with rAd-FGF-2 + LPS showed a significant increase in pERK activity (Fig. 3) . In contrast, 2 days after the LPS injection, the expression of PCNA and pERK had increased in all mice infected with rAd-FGF-2, relative to the mice infected with rAd-LacZ (Fig. 4) . Moreover, immunohistochemistry studies performed 2 days after the LPS injection (data not shown) revealed that the expression of PCNA in renal epithelial cells was increased approximately two-and fourfold in mice infected with rAd-LacZ and rAd-FGF-2, respectively, when compared to control mice injected with PBS. In addition, 6 h after the LPS injection, western blot analysis of kidney homogenates using an antibody that detects both pro and active forms of caspase-3, a protease that plays an important proteolytic role in apoptosis, revealed a more significant activation of procaspase and active caspase-3 in mice infected with rAdLac Z (Fig. 3) . However, 2 days after the LPS injection, these changes were more evident in mice infected with rAd-FGF-2 (Fig. 4) . To determine the renal changes seen during the recovery stage of AKI, additional mice in each group were sacrificed 5 days after the LPS injection (n=3-5). At this time point, all mice treated with LPS showed an improvement or normalization of the clinical renal parameters described above (Fig. 1A, a-d) . Nevertheless, the expression of PCNA and pERK continued to be significantly elevated in LPS-treated mice infected with rAd-FGF-2, relative to those infected with rAd-LacZ (Fig. 5A-C, a-f) . In a similar manner, the expression of pro and active forms of caspase-3 was significantly elevated in the kidney of LPS-treated injections. b Densitometric analysis of the western blot results corresponding to three different mice in each group (*p<0.05 and **p<0.01 compared to the rAd-Lac-Z + PBS control group). Results were quantified by densitometry and shown as mean ± SEM arbitrary optical density units expressed as ratio of the beta actin levels mice infected with rAd-FGF-2 relative to those infected with rAd-LacZ (Fig. 5A, B) . Using the Apop Tag in situ apoptosis detection kit (indirect TUNEL method), cells undergoing apoptotic changes were identified predominately in renal tubular epithelial and interstitial cells (Fig. 5C,  g-i) . FGF-2 also increased the recruitment of α-smooth muscle actin positive renal interstitial cells (Fig. 5C, j-l) . We speculate that these changes might facilitate the development of renal fibrosis at later stages.
Discussion
Endothelial dysfunction plays a key role in the pathogenesis of sepsis [2, 26] . FGF-2 is released by injured endothelial cells [8] , and septic children frequently show elevated plasma levels of FGF-2 [26] . These children are also at high risk of developing AKI [1] , and endothelial injury plays an important role in this process [30] . To date, the role of circulating FGF-2 in the pathogenesis of AKI is not well understood. Here, we report our development of a mouse model system to determine how FGF-2 released into the circulation affects the development and progression of AKI induced by LPS. We found that FGF-2 did not prevent the development of AKI or improve the clinical outcome of mice injected with LPS. Moreover, mice treated with FGF-2 showed more significant proliferative and apoptotic changes during the recovery stages of AKI. These findings suggest that FGF-2 released into the circulation of children with endotoxemia may not necessarily improve their renal outcome and that it could potentially affect the process of renal regeneration in these patients.
Endotoxin is a component of the membrane of Gramnegative bacteria and is involved in the pathogenesis of AKI [3, 4] . Therefore, to mimic the pathogenesis of AKI induced by endotoxemia, we used the LPS mouse model of AKI [28] . Previous studies have shown that the cytotoxic effects of LPS can change according to the mouse strain, age, and LPS dose [27, 31] . Although LPS induces more significant renal toxicity in aged mice [27] , we used young adult mice to avoid studying aging kidneys. We selected the FVB/N mouse strain because these mice are sensitive to LPS and develop a predictable immunological response when infected with adenoviral vectors carrying Lac-Z or FGF-2 [19, 22, 32] . Finally, we used a nonlethal dose of LPS and estimated the magnitude of renal injury by renal histology and by using markers of DNA synthesis, repair, apoptosis, and fibrosis, in correlation with changes in BUN, serum creatinine, albuminuria, and urinary NGAL. In this manner, we were able to assess the renal outcome during the acute and recovery stages of the renal injury induced by LPS.
FGF-2 has a short half-life and is rapidly removed from the circulation after a single intravenous injection [22, 33] . In previous studies, we showed that young adult mice injected with the rAd-FGF-2 vectors used in this study can sustain elevated plasma levels of FGF-2 for a predictable period of time [19, 22] . Under these circumstances, the hepatic circulation facilitates the rapid clearance of adenovirus, and the hepatocytes that become infected produce and release FGF-2 into the circulation [19, 20, 22, 32] . We also showed that renal cells do not become infected and, therefore, do not produce human recombinant FGF-2; however, circulating FGF-2 is trapped and retained in the kidney [19, 34] . Two days after the injection of rAd-FGF-2, when the plasma levels of human FGF-2 reached the values seen in septic children [26] , LPS was injected intraperitoneally. In contrast, in previous rodent studies, FGF-2 was injected intravenously at the same time of the LPS administration [5] , or intrarenally, concomitant with the induction of an acute renal ischemic injury [11, 12] . In summary, our experimental approach was selected to mimic the clinical situation seen in children with sepsis, who frequently show high plasma levels of FGF-2 [26] , and are also at risk of developing AKI [1] .
FGF-2 released into the circulation is rapidly taken up by heparan sulfate proteoglycans (HSPG) located on the surface of vascular endothelial cells and is accumulated predominately in the liver, kidney, and spleen [22, 33] . Clearance studies have shown that renal glomerular and renal tubular structures are capable of trapping large quantities of FGF-2 from the circulation [22, 33] . One intravenous injection of FGF-2, however, does not cause significant changes in normal tissues or vessels containing Fig. 5 LPS-induced renal proliferative and apoptotic changes after 5 days. A Western blots analysis for the PCNA, p-ERK, pro-caspase, and active caspase-3 in representative kidney samples harvested from mice infected with rAd-Lac-Z or rAd-FGF-2 vectors and injected with LPS. All renal samples were harvested 5 days after the LPS injection. B Densitometric analysis of the western blot results corresponding to four different mice in each group (*p<0.05 and ** p<0.01 compared to the rAd-Lac-Z + LPS control group). Results were quantified by densitometry and shown as the mean ± SEM arbitrary optical density units expressed as ratio of the beta actin levels. C A representative immunohistochemistry staining for PCNA, p-ERK, apoptosis, and alpha-smooth muscle actin in kidney samples harvested from mice infected with rAd-Lac-Z or rAd-FGF-2 vectors and injected with PBS or LPS. a-c Renal sections stained with the PNAC; brown color, d-f renal sections stained with p-ERK (brown); g-i renal sections stained with the indirect TUNEL method using the Apo Tag in situ apoptosis detection kit (brown), j-l renal sections stained with alpha-smooth muscle actin (red). The graphs represent percentage changes in the experimental groups relative to the number of positive cells detected in the control group (rAd-LacZ+PBS) (n=5 mice in each group; *p<0.05 relative to mice treated with rAd-Lac-Z+PBS control group; **p<0.05, relative to mice treated with rAd-Lac-Z+LPS group). Original magnification a-i ×200; j-l ×100 an intact layer of endothelial cells [35, 36] . In contrast, in the presence of a preexisting vascular injury, FGF-2 can induce significant mitogenic changes [33, 35, 36] . These findings can explain the proliferative and apoptotic changes induced by FGF-2 during the recovery stage of AKI. It is possible that the persistence of FGF-2 accumulated in the kidney bound to HSPG [13] [14] [15] [16] -rather than the plasma levels of FGF-2 at the moment of the LPS injection-can cause these changes. Previous studies showed that FGF-2 bound to HSPG is protected from proteolytic degradation and can retain its biological activity [8] . In any case, a similar situation could be predicted for septic children. FGF-2 released in the circulation by injured endothelial or inflammatory cells can be trapped in the kidney bound to HSPG. Subsequently, if these children develop AKI, FGF-2 may induce renal proliferative and apoptotic changes, even after the circulating levels of FGF-2 return to normal values. In summary, the results of all of these studies suggest that the renal activity of circulating FGF-2 is modulated by the route and timing of FGF-2 administration, as well as by the presence or absence of pre-existing tissue injury.
As expected, we found that FGF-2 increased the expression of PCNA and the extracellular signal-regulated kinases (ERK) in renal glomerular and tubular epithelial cells. PCNA staining can be used as a marker of DNA synthesis, replication, and intrinsic repair activity [37] . ERKs are threonine kinases that regulate the expression of genes involved in cell proliferation and differentiation [38] . In previous studies, we showed that FGF-2 induced the proliferation of cultured human renal tubular epithelial cells by activating an ERK-dependent pathway [39] . Thus, we speculate that the renal glomerular and tubular epithelial proliferative changes induced by FGF-2 are at least partially mediated by an ERK-dependent pathway. In addition, FGF-2 can interact with other molecules that modulate the regeneration of renal tubules, including NGAL [24, 40, 41] . High urinary levels of FGF-2 and NGAL appear to mark the presence of renal proliferative lesions in human immunodeficiency virus (HIV)-infected people and HIV-1 transgenic mice [16, 17, 42] . However, we found no significant differences in the urinary levels of NGAL in mice treated with LPS either alone or in combination with FGF-2. In addition, it should be noted that LPS also targets extra-renal tissues that produce and release NGAL into the circulation [40, 43] . Thus, the urinary levels of NGAL may also reflect the presence of extra-renal injury in combination with increased glomerular permeability and impaired reabsorption of NGAL by the proximal tubules. In support of this notion, we found that the urinary levels of NGAL decreased in correlation with the recovery of the renal function and proteinuria. Moreover, the urinary levels of NGAL, which peaked 6 h after the LPS injection, began to decrease when the BUN and serum creatinine levels reached their peak after the LPS injection (Fig. 1A, a-c) . These findings suggest that changes in urinary NGAL concentration may mark the early stages of the recovery of renal glomerular and tubular epithelial cell function (e.g., decreased proteinuria and/or increase proximal tubular reabsorption of NGAL), even when the established markers of glomerular filtration rate (GFR) continue to rise. Alternatively, we cannot rule out the possibility that the excretion of circulating NGAL may be reduced when the GFR or proteinuria is decreased. In any case, our findings are consistent with the notion that NGAL may be a reliable and sensitive biomarker to follow the outcome of AKI in children with endotoxemia [24, 41, 44] .
Another interesting finding is that FGF-2 released into the circulation did not prevent or ameliorate the renal toxicity of LPS. At least three pathways appear to modulate the cytotoxic effects of endotoxin in renal tubular cells [3, 4] . Endotoxin can interact with Toll-like receptor 4 (TLR4) located on inflammatory cells, causing the release of cytokines that induce tubular epithelial injury [3] . In adition, endotoxin can stimulate TLR4 located on renal tubular cells and cause direct renal damage [3] . Furthermore, endotoxin can cause hemodynamic changes leading to poor renal perfusion, hypoxia, and acute tubular necrosis [4] . Alternatively, LPS can cause renal dysfunction by inducing apoptosis of renal epithelial, endothelial, and interstitial cells [45] [46] [47] . Apoptosis can be triggered by the mitochondrial and receptor-mediated pathways. In the context of LPS, the mitochondrial pathway can be activated by hypoxia or oxidative stress, while the receptor-mediated pathway can be activated by the binding of TNF-α or FasL to their respective receptors located on target renal cells. Both pathways induce the activation of caspase-3, which is a proteolytic protease that plays an important role in apoptosis [45] [46] [47] . In summary, we found a significant up-regulation of active caspase-3 in the kidney of all mice treated with LPS and that FGF-2 did not ameliorate these changes. In contrast, the renal apoptotic changes that occurred during the recovery phase of AKI were further increased by FGF-2.
At the present time, the exact mechanisms by which mice injected with FGF-2 and LPS developed more significant renal proliferative and apoptotic changes are not known. It could be argued that these events per se do not necessarily mean that renal injury is enhanced. More studies are needed to determine how the balance between these two processes can affect the long-term renal outcome of these mice. Nevertheless, it is known that LPS induces the release of TNF-α into the circulation, and one study showed that FGF-2 can increase the cytotoxic effects of TNF-α in cultured bovine glomerular endothelial cells [48] . Another study showed that cultured porcine endothelial cells pre-exposed to FGF-2 and high glucose are more sensitive to the cytotoxic activity of TNF-α [49] . Moreover, these changes correlated with the entry of endothelial cells into the S phase of the proliferative cycle [49] . Taken together, the results of these studies suggest that FGF-2, by stimulating the synthesis of DNA, may predispose endothelial cells to undergo apoptosis in the presence of LPS. Nevertheless, using the Apop Tag in situ apoptosis detection assay, we were unable to identify renal endothelial cells undergoing apoptosis in mice treated with FGF-2 and LPS. It should be mentioned that we used lower doses of LPS when compared to those previous studies that identified renal endothelial cells undergoing apoptosis [45] [46] [47] . We found, however, that LPS decreased the renal staining of CD34-positive peritubular capillary endothelial cells and that FGF-2 did not prevent these changes during the early stages of AKI (Fig. 2A) . Alternatively, FGF-2 may induce renal damage by increasing the adhesion of inflammatory cells to endothelial [50] or renal tubular epithelial cells [51] . In support of this notion, we found that FGF-2 increased the recruitment of F4/80-positive macrophages induced by LPS in the kidney. These changes, however, did not reach statistical significance when compared to mice injected with LPS and rAd-Lac-Z vectors (Fig. 2B, d, h ). Inflammatory cells release cytokines [52] and activate caspase-1 [53] , and both factors can also enhance the release of FGF-2. In this manner, FGF-2 could potentially increase the renal toxicity of LPS by inducing inflammatory changes [50, 51] and/or by increasing the cytotoxic activity of TNF-α. More studies are needed, however, to confirm this hypothesis.
In conclusion, we have developed a reversible mouse model system of AKI induced by LPS and explored the role of circulating FGF-2 in this clinical context. We found that FGF-2 released into the circulation 2 days before an injection of LPS did not prevent the development or accelerate the recovery of the AKI induced by LPS. In contrast, FGF-2 caused additional renal proliferative and apoptotic changes during the recovery phase of AKI. We speculate that these findings may be clinically relevant for septic children with endotoxemia or hemolytic uremic syndrome, who frequently show elevated plasma levels of FGF-2 and develop AKI. We are hopeful that this mouse model will provide additional insights to determine how FGF-2 modulates the outcome of AKI in children.
